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[57] ABSTRACT 

The invention provides a thermal design of a catheter 
where the active electrode is partially covered by a heat 
conducting and electrically insulating heat-sink layer 
for localizing and controlling an electrical heating of 
tissue and cooling of the active electrode by convective 
blood flow. The invention further comprises a current 
equalizing coating for gradual transition of electrical 
properties at a boundary of a metallic active electrode 
and an insulating catheter tube. The current equalizing 
coating controls current density and the distribution of 
tissue heating. 
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boundary layer, stays close to the basal temperature. - 
ELECTRICAL HEATING CATHETER Some cooling of the catheter tip takes place due to 

forced convective cooling caused by fast flowing blood 
This application is a division, of application Ser. No. in the heart chamber. The active electrode temperature 
07/563,562 filed, Aug. 3, 1990, which is a continuation- 5 is the result of the balance between such conductive 
in-part of application Ser. No. 07/435,361, filed Nov. • heating and convective cooling. 
17, 1989. which is a- continuation-in-part of application In one preferred embodiment, the heating- and cool- 
Seh No. 276,294 filed Nov. 25, 1988, now VS. Pat. No. ing of the active electrode, for the purpose of tip tem- 
4,945,912. perature regulation and improved tissue temperature 

nAnvn-orMThSTi 10 control, is carried out by covering the active electrode 

BACKGROUND • with thermally conductive and electrically insulating 

An electrical heating catheter is a tube typically be- material. It is therefore appropriate to review the use of 
tween 1 and 10 millimeters in diameter used for inser- dielectric coatings in catheter art and to point out the 
tioninto biological structure and equipped at the distal fundamental difference between the preferred embodi- 
end with one or more electrodes and at the proximal' 15 ments and the catheter microwave radiator art. 
end with electrical connectors for application of elec- Frequencies for powering heating catheters range 
trie power. Electrical heating catheters are useful in from dc to microwaves. It is customary to divide the 
many medical applications, e.g„ for hyperthermia treat- spectrum of operating frequencies into conductive and 
ment of cancer or for cardiac ablation of arithmogenic radiative regions because of fundamental differences of 
tissue* in the' endocardium. In such medical applications 20 implementation in these two regions. The dividing fre- 
it is desirable to maintain a fairly uniform generation of quency between the two regions depends on the charac- 
heat in a controlled volume of tissue adjoining the cath- teristic admittance of the tissue surrounding the active 
eter. electrode: The conductive region is defined by operat- 

A radiofrequency (RF) cardiac ablation catheter is ' ing frequencies where the conductivity term dominates, 
presented here as a preferred embodiment. Catheter 25 Alternatively, in the radiative region the dielectric term - 
ablation is a non-surgical method of destroying an arr- . dominates. For blood and muscle, the dividing fre- 
hythmogenic focus tissue in the endocardium. Typi- quency is approximately at 400 MHz. The conductive 
cally, an ablation catheter is introduced percutaneously region corresponds' to dc to 400 MHz; the radiative 
and advanced under fluoroscopic guidance into the left region corresponds to microwave frequencies above 
. heart ventricle. It is manipulated until the site of the 30 400 MHz. 
earliest activation is found, indicating the location of Implementation of catheter hearing applicators for 
problem tissue* RF power is then applied to the distal the radiative and the conductive region is quite differ- 
catheter electrode. The heat in the vicinity of the elec- ent. In the radiative region, the heating applicator acts- 
trode destroys the .cardiac tissue responsible for the as an antenna causing electromagnetic wave propaga- 
■ arrhythmia. 35 tioninto the tissue. The art of radiative catheter heating 

• The te mpe rature boundar y bet ween viable and non - ; ap plicat o rs, relying on wave propagation, is qu i te rich, 
viable tissue is approximately 48* Centigrade. Tissue e.g., dipole .antennas, helical radiators: and resonathrsTlT" 
heated to a temperature above 48* C. is non viable and • An example of a radiative catheter heating applicator, 
defines the ablation volume. For therapeutic effective- using a resonator, is described in the UK Patent Appli- 
ness the ablation volume must extend a few millimeters 40 cation GB 2 122 092 A by J. R. James, R. H. Johnson, 
. into the endocardium and must have a surface cross-sec- A. Henderson, and M. H. Ponting. James matches a 
tion of at least a few millimeters square. The objective is wave impedance of a resonant radiator, in a' mode cor- 
ito elevate thehasal tissue temperature, generally at 37* responding to multiples of a quarter wavelength, to a 
C, fairly uniformly to the ablation temperature above wave impedance of surrounding tissue, by appropriate 
48* C, keeping however the hottest tissue temperature 45 selection of (1) an electrode coating size, (2) a coating 
below 100* C. At approximately 100* C charring and dielectric constant, and (3) a coating magnetic permea- 
desiccation take place which seriously modifies the bility. Neither thermal nor electrical conductivity of the" 
electrical conductivity of blood and tissue, and causes coating is a part of James's design. It should also be 
an increase in the overall electrical impedance of the noted that the coating in James has both uniform thick- 
electrical heating circuit and a drop in the power deli v- 50 ness and uniform dielectric properties, 
ery to the tissue. Charring is particularly troublesome at In the conductive region, there is no electromagnetic 
the surface of the catheter electrode, since the catheter wave propagation and so techniques relying on wave- 
must be removed' and cleaned before the procedure can . length resonance and matching of wave impedance are 
continue. ■ not applicable. Also in the conductive region, especially 

In cardiac ablation catheters, the operative electrode 55 in the lower frequencies below 1. MHz, the capacitive 
is typically metallic and is located on a -distal-tip end of impedance of a typical dielectric coating is so high, in 
the device. This electrode which serves as the heating • comparison with the tissue impedance, that a dielectric 
• applicator is referred to as an active electrode. Such an coating, in effect, prevents a current flow 'into the tissue, 
active electrode is the source of electrical or electro- Typical state of the art catheter heating applicators 
magnetic field, which causes heating of neighboring 60 for the conductive region, such as the United States 
tissue. Even though no significant amount of heat is Catheter Industries (US CI) catheter shown in FIG. 1, 
generated in the electrode itself, adjacently heated en- and described in detail later, has an active electrode at 
docardial tissue-heats the electrode via heat conduction the end of the catheter tube and possibly ring electrode 
through the tissue. • or electrodes around the diameter of the tube. Elec- 

The'field generated by the active electrode also heats 65 trades are connected to the proximal end with a thin, 
the rapid blood flow in the heart chamber, which how- flexible wire. 

ever very effectively carries away this generated heat One undesirable feature associated with such a state- 
so' that the flowing blood temperature, except for the of-the art catheter is a formation of hot spots along the 
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"Catheter ablation without fulgurationiDesig,, and heat^nk ■ conductive 

performance of a new system . A- ^ W D ^ , JJOWw^ electrode and shows 

Sftf SSh»HW rjSSSS?5h!S thfreSg equalization of heating power density dis- 

«ct Tfonnatioa^oTtot^oUalong the circular junction tribution. HO. 3 also shows a w.re implementation of 

of the ^ 4 ^ ro ^ t A^^S^SSi 10 *m&^s a heat sink in the form of an dectrically ' 

1—2* - thennally.conductive film on an active 

S^olth^^^tSS ^^owsahipolarcathetcrwithacurrentequal- 
of the surface and so generates a hot spot at the junction king coating. 

of the wire with the hemisphere: 15 DESCRIPTION OF THE PREFERRED 

The other undesirable feature of the state-of-the art ~ EMBODIMENTS 

SSvK Ito MMlX »M "rf * tol"'' '° M ft-cm are referred to as «*m or onOKre. 
m«M the active electrode and therefore worst char- .catheter quoted in Ahsan, and referred to in the Back- 

SUMMARY OF THE INVENTION also be placed on the catheter. A plastic catheter tube 10 . 

The invention provides a thermal design of a catheter connects at a distal end to an active electrode 11, typi- 
wtoe fteTcti^e elTcVr^e ispartiaUy.covered by a heat cally made of Platinum. Wire 12 .is electncally con- 
TSSZl deSl? teulatins heat-sink layer nested between the ^ 

formalizing and controlling an electrical heating of 35 »*»^^t31lS 

hlt-sibklayeraisoincreasethedepthandvolumeofan 40 J*^*^^^ «nn™ sTen 

WhhoutThe heat-sink layer, as the size of the active later in FIG. 5). or between one active dectfode and a 
electSncrases, the cooling area expands. Simulta- large neutral external skm electrode (umpolar connec- 
*e ^of current flow increases, thereby tlon). A unipolar V^'^^S^^^ 
S the overall heating volume, decreasing the 45 in FlO. 1 by connecting an M I skm 
precision of localization of electricd heating; and lead- a neutral power supply termtnal 16. The frequency of 
Lg to an un^ble^ease in the overaU heating operation - the = supply.s tj* ^ ^ 

^SlS^ active electrode can be wi* a' V%» symbol, on the ouuide of mbe 10 and active 
• " nrovided by facreadng the diameter of an electrical 50 electrode 11 represent contours of equa heating power 
Z£7up P lywhT?o I cable sire so that the cable can density. The percentages ^atrfv^&pat^rn lines 
£™a siknificant amount of heat away from the active indicate the relative magnitude of electrical power dtssi- 
SoSdX^ates it along the catheter shaft. pation in the tissue, with the relahve s«te adjusted, so 

ThetavStion further comprises a current equalizing that 100% represents maximum dissipation., and 0% 
coa^tTfor gradual ttaM ition of electrical properties at 55 represents dissipation at a distant neutral boundary. It 
fbouudS ^arnetal^ive electrode andTSulat- ^^^^^t^^^SS 
taVcaAeter tube. The current equalizing coating con- ranging from 100% to 93% is in the immediate vtctmty 
SSwj and the distrinationof tissue S heat- "*?fa*°* b ^??™»^ S££ta\E 
tee Absence- of an abrupt transition in the electrical and insulating catheter tube 10. Tissue ^jaewt to he 
• property * the catheter .tissue boundary, smoothes 60 tip of the active decuode 11 fa only ^« «* *«*"f 
^generation and reduces hot spots in tissue. gfjZS£S£££ 
BRIEF DESCRIPTION OF THE DRAWINGS charring. The temperature of tissue along extension lg 
FIG. 1 schematicdly shows a state-of-the^rt catheter of the catheter axis beyond the up of active elec trode 11 
system and. in detail, a catheter dectrode with the re- 65 is discussed in connection with FIG. *• . . 

2fi to taSbl power density pattern adiacent to " Graph C A> in FIG. 2, diown t m a « dashed m e is a 
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tag pattern shown in FIG t; The temperature is highest . to cable 26. If axial flow is desired the layer is insulted 
directly at the surface of the active electrode (distan- from the cable 26 and electrically joined whsne^ 
ce=0). In operation, power is typically increased in bors. 8 
order- to increase the ablation volume until impedance The flow of heat from the'electrode 20 is aided bv the 
change mnotiwd due to onset of charring. Since the 5 large cross sectionofcable 26. Theheat How part, in ti« 
tissue temperature is highest at ; • the active electrode cable .heat sink implementation, shown fa FIG 3 is 
surface the charring is most likely to take place there. completed by modification of the catheter tube 24 to 
Charring frequently necessitates the removal of the increase thermal conductivity ftom cable 26 to the out- 
ca&eter for cleaning. . sMe ^ ^ beat zonAu ^ of , 

The objective of the thermal design of a heating cath- 10 material for tube 24 is reduced by embedding hearcon- 
e er is to heat a controUed- volume of tissue to a temper- ductive particles in the material. The r3 betwLn 
ature which causes ablation, while at the same time . the cable 26 and the tube 24 is filled witScoXc- 
assunng that the peak temperature is away ftom the tive paste 27. The technology ofimprovedhea cto«£ 
' ^Z 0 *? ^?f e so .that chairing does not foul the tivity plastics, and the technoiogV of heaf conductive 
active electrode surface: Graph (B) in FIG. 2 shows is pastes are well established in conjunction with ibeSk 
such a temperature- profile. Graph (B) is described later techniques for solid state devices! In the cable heat rink 
m conjunction with a heat sink catheter design shown in implementation above, heat dissipated in ft" tissue 
~* ™. *" A<J * , — . heats active electrode 20. Active electrode 20 in turn is 

HG.3showsacatheierwithimprovedelectricaland cooled by heat outflow along cable 26, ttiro^Tthe 
thermal design. Aral blind hole M, m active electrode 20 conductive paste 27 and a wall of catheter tube 24 to the 
20, houses a metallic cable 26. Comparing FIG. 3 with blood and tissue surrounding tube 24 
the «at*of-the-art catheter in FIG. 1, cable 26 provides FIG. 4 shows an alternative heat sink design. The 
SmJETm in P Sr T» A" ?= tiv V le £ tod ? M . «* »°™ting of cable 26 and tube 24 to active eleTode M 
tL^ir^ m thC ^. i2 ' * e woss ^d- the .function of conductive slort- 23 is substantially 

5i2£ L muc?i greater, and is typically at 25- the same as described in conjunction with FIG. 3. Ac- 

FMMftt rf« M T^T t, °" ? f - a T^ electro J1 de J 20 - tWedectroae28mFIG.4.preferablymadefromslver. 
Fiexibtitry of cable 26 is mainlined by stranded or which is the best heat conductor, has a different shape 
. lammated construction from multiple metallic conduc- from active electrode 20 in FIG. 3: Active etecttVde 28 
tors, Cable 26 provides a much greaterheat conduction is longer and is shaped to seat a cylindrical film "eat rink 
awayfrom lactive electrode 20 and into catheter tube 24. -30 29. The heat sink film 29 is electrically instfati™ and 
thereby reducing a temperature rise of active electrode thermally conductive. ' X g ana 

%5£S&3E^ S* 16 26 !j so ,P Io y ide f a of The distal end of active electrode 28 provides a bare 
poswb hnw for movable support of active electrode 20. • metal interface to tissue, generating a heating pattern 
Catheter tube 24 1 fa t firmly seated on a undercut protnid- just as active electrode 20 in FIG. 3. When compared 
mg proximal end 25 of active electrode 20. 35 with FIG. 3, the interface between cylindrical fito beat 

Active elcctrode-20 is tapered at its base 22 with a . sink 29 and the external blood flow provid« an added 
^a J4K djagl£Miiad^grees ^i)d0ct iV6 e noxv tills this cnolme element. Ihe amount or hea t inn and enoL" ° 
tapered region and forms a conductive skirt 23. The independently c ontrolled by the ratio of the electricall v 
contours of equal heating power density, are shown in ■ interacting bare electrode area to the heat siSel i 
FIG. 3 for conducfave epoxy with resistivity of 150 40 The overall effectiveness of the heat rink is deter- 
~^J?!3n %Vr Pf rcenta 8«. are scaled the mined by the thermal conductivity of film 29 and by the 

same way as in FIG. I. It canbe seen that the uniformity heat transfer coefficient- The heat transfer coefficient 
«Jf density at the junction of active electrode 20 associated with the thermal boundary layer TS 

^SSZ^r b ff mp, ' ed ^ th ,be • convccuon ° fhca1 between the catheter surface anTtne 
state^f-fte-art.catheter-in FIG 1 due to a graduated 45 adjacent blood flow, is determined by thermal and hv- 

^ff^ preS ? ted t t0 * e 8Ur&CC = urrent «ow, pro- drodynamic properties of blood. As long-SThe fhermL 
vided by the wedge-shaped cross section of conductive conductivity of film 29 is significantly £££ S£ 
e v ... , . ... heal transfer coefficient of the heat convection of the 

Such a gradual transition between metallic and insu- blood flow, the heat sink is close to optimum d«imt 
lattng surface properties for heatmg equalization can be so Implementation or heat sink film 29 oy a 0 025 ^ 
accomplished by alternate means to those described plastic tube meets this requirement. 

tt^W^^fSS h made ' ° f The desi ^ in F1Q - * P rovides v «y effective forced 

uniform , thickness but of graduated electrical properties. convective cooling by the flow of blood., while at the 

In antKher example the transition is implemented by same time, allows full control over the size Tofdie aret" 

graduated surface wpamtance, .rather than graduated 55 which generates the electrical current flow. t^Tbe 

surface resistance above. A sfart in the form of a tapered noted that the active electrode in FIG. 4 «m IVcom- 

deposit of meml omde-on electrode 20 can accomplish . prise the-impedance skirt 23 which preventtthe fo^ma- 

«ch grad^«I capaotive implementatfoh. eg..- tion ofahotapo«« the juncture wh«e activ^ ^ec^ode - 

St^JS^ * taMa,Um 0Jdde fUm ' db - 28 electricaliy insuUtmg film heat ^^29 me^h 

cussed m some detail later. w capacitive impedance skirt implementation can be fan- 

• The impedance graduation need not be accomplished ' plemented using the same material as heat sink film 29 

by a surface layer but can if fact extend into the body of Cable 26. attached to active electrode 28 providesTddt 

the electrode: In yet another implementation, the active tional. cooling of active electrode 27 by allowina the 

^Sri^SLSSST^ri-^ te2 ^ 0nS ° f dl ii fer - h«t flow inw the catheter tube, as prcv^ouSyTs^ssed 
ent electrical properties. The. direction of current flow 65 in conjunction with FIG. 3. 

can- be selectively controned in individual layers. If An attractive heat sink/impedance skin "implement*. 
radtaJ flow is deared the layer is separated from its ' uonmvolves a tantalum tube 30 (shown dashed taFIG 
neighbors by an insuUtoir and is connected in the center 4) which is pressed onto active electrode 28 and so 
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maintains a good thermal and electrical contact with electrode gap is reduced, the external field intensity is 
active electrode 28. This tantalum tube is covered by a equalized and the radial penetration is improved. A 
0.5 Jim thick film of tantalum oxide on its external sur- capacitive coating, made from a dielectric, exhibits a 
face and is graduated to 0 thickness in the skirt area. smallest capacitive impedance near the inter-electrode 
It is well known from the technology of tantalum 5 * gap' and accomplishes field equalization similar to the 
capacitors that a tantalum film only 0.5 pm thick is resistive coating. There is, however, significantly less 
adequate to provide an electrical insulation with a heat dissipation in the capacitive coating than in the 
breakdown voltage in excess of 350 volts. The relative resistive coating. 

dielectric constant of the tantalum oxide film is 27.6 and While certain specific embodiments of improved 
so 0.5 -jim thick layer 29 produces a capacitance of 8.85 10 electrical catheters- and systems have been disclosed in 
pF to the tissue. At an operating frequency of 300 kHz, the forgoing description it will be understood that vari- 
this film represents a capacitive reactance of 60 fclL ous modifications within the scope of the Invention may 
When compared with the resistance of the active elec- * occur to those skilled in the art. Therefore, it is intended 
trode metal-tissue interface, which is of the order of 100 that adaptations and modifications should and aTe in- 
0, the caparitivectirrent through oxide film 29 is insig- 15 tended to be comprehended within the meaning and 
nificant, and film 29 in effect blocks the current flow range of equivalents of the disclosed embodiments, 
between the oxide covered tantalum tube 30 and the What is claimed is: 

surrounding tissue and so eliminates electrical heat gen- 1. An electrical heating catheter comprising: 
eration in the tissue surrounding the tantalum oxide heat an electrical cable housed in an electrically insulating 
exchanger. 20 catheter tube; 

The same tantalum oxide film 29 has a thermal con- the electrical cable adapted to be connected at a prox- 
ductivity of 0.3 watts/(meter C*). For the specified film iraal end to a source of electrical power; 

thickness of 0.5 urn and film area of 12.5 mm 2 , oxide an active electrode including a metallic material; 
film 29 represents a large thermal conductance of 75.6 the electrical cable connected at a distal end to said 
watts/C% which is very adequate for an efficient heat 25 active electrode; 

£ n y m ' a graduated electrical impedance coating on the ac- 

Graph (B) in FIG. 2 shows the temperature distribu- tive electrode for providing a smooth transition of 

tion along projection 31 of the axis beyond the distal . surface current density between said metallic mate- 
end of the catheter for an optimized heat, sink design in rial of the active electrode and a material of the 
FIG. 4. Comparison of Graph <A) and Graph (B) in 30 electrically insulating catheter tube. 
FIG. 2 indicates the superior features of the heat sink • 2. An electrical heating catheter in claim 1 wherein 
catheter: The peak temperature is no longer at the cath- said coating comprises a material with substantially 
eter surface. The ablation temperature is reached some uniform electrical properties and a varying thickness, 
distance from the catheter surface. Also the ablation 3. An electrical heating catheter in claim 2 wherein 
region where the'tissue temperature is above 48* C. is 35 said material of said coating is conductive epoxy. 
much larger. *• An electrical heating catheter in claim 2 wherein 

TKc-shap^rGra^h-f3)^-FIG ^ sahtTirateria^ofsaid^oat^ - - " 

mbdihcauon of the ratio of the elect rically interacting An electrical heating cauieier in claim z wnerem 

bare metar active electrode area 32, to the heat sink- area said material of said coating is a plastic. 

29, and so can be optimized for the requirements of the 40 6. An electrical heating catheter in claim 2 wherein 

specific medical procedure. said material of said coating is a metal oxide. 

FIG. 5 shows a proximal ring electrode 75 and a 7. An electrical heating catheter in claim 2 wherein 
distal tip electrode 76, mounted or plated on a catheter said coating with said varying thickness comprises a 
tube 74 and shaped very similarly to the currently used conductive skirt surrounding a base of said active elec- 
paciiig catheters. An electrical connection in main- 45 trode, the skirt characterized by a wedge-shaped cross 
tained by a twisted pair transmission line 77. Unlike section with a wide face of the wedge against a junction 
currently u&M catheters where the electrodes are made with said electrically insulating catheter tube and a 
from plain metal, proximal ring electrode 75 and distal pointy end of the wedge against said metallic material of 
tip electrode 76 have their notallic surfaces coated with said active electrode. 

control coatings 79 and-78 respectively. Optionally, the 50 8. An electrical heating catheter in claim 1 wherein 
gap between proximal ring electrode 75 and distal tip said graduated electrical impedance coating comprises 
electrode 76 can be filled with gap coating 70. CThick- an electrical material of a substantially uniform thick- 
ness of coatings is exaggerated in FIG. 5 for the sake of ness and a spatially varying electrical impedance, 
clarity.) 9. An electrical heating catheter in claim 1 wherein 

Control coatings 78 and 79 vary in thickness as a 55 said graduated electrical impedance coating comprises 
function of the axial distance from the inter-electrode axially stratified layers, each layer of a substantially 
gap, being thickest along the edges of the inter-elec- constant impedance, and an impedance value graduated 
trode gap and thinning away from the gap. The electri* from layer to layer. 

cal properties of the uniform thickness coating 70 can be 10. In a catheter for electrical heating, comprising an 
constant or can vary in the axial direction. Without the 60 active electrode formed of metallic material and a cath- 
coatings, the strongest Ez field in adjacent to the Inter- eter transmission line having a proximal end and a distal 
electrode gap. The coatings, by changing the surface end, said line being adapted to be connected at its proxi- 
impedance, equalize the external electric field and im- mal end to a source of electrical power and being con- 
prove radial penetration of the field. necied at its distal end tb said active electrode, said 
Coatings 78, 79, and 70 can be made from a resistive 65 electrode in operation being immersed in a lossy me- 
material or from a dielectric A resistive coating intro- diura. said catheter characterized by: 
duces the highest resistance close to the inter-electrode a graduated impedance coating deposited on a sur- 
gap. As a result, the external field adjacent to the inter- face of the said active electrode for shaping an 
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electric field in the lossy medium outside of said 
electrode and coating being heat conducting and 
• electrically insulating,, said coating controlling, an 
electrical heating -of tissue and cooling of said ac- 
tive electrode by convective blood flow. 
11. A catheter for electrical heating in accordance 
with claim 10; wherein said graduated impedance coat- 
ing comprises a resistive coating of a varying thickness 
deposited on the metallic material of said electrode. 



10 



12. A catheter for electrical heating in accordance 
with claim 10, wherein said graduated impedance heat 
sink co.ating comprises a dielectric coating of a varying 
thickness deposited on said metallic material. 

13. A catheter for electrical heating in accordance 
with claim 10, further comprising a graduated electrical 
impedance coating located in a gap and electrically 
interacting with said active electrode. 
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Rec Radiator Electrode -Concept Analysis 



Background: 

The catheter R&D department has done preliminary evaluations of a radiator electrode throughout the 
year. The radiator electrode concept employs a grooved surface. This grooved surface increases the electrode 
surface area. This increase in surface area may allow greater convective cooling that could in turn allow the 
radiator type electrode to maintain lower temperatures at higher power settings. It is thought that mis cooling effect 
could potentially lead to the generation of larger and deeper lesions. , 



I modified the design to include a larger number of grooves that were deeper. This electrode design is shown in 
the attached Drawing: RAD-MOD10 . This geometry increased the surface area by 41% relative to a standard 
8mm electrode. The previous design evaluated increased the surface area by 5%. 

Objective: 

The objective of this study was to evaluate the effects of the increased surface area of the radiator 
electrode on electrode temperature and lesion depth. In addition, the effect of electrode mass on lesion 
development and electrode temperature was also evaluated The electrode concept was evaluated at varying power 
settings and varying convective flow conditions. Control runs were made of five other electrode configurations: 

1) 8mm electrode with the same mass as the radiator electrode (Matched Mass) 

2) 8mm electrode — solid 

3) 8 mm electrode— shell 

4) ' 4 mm electrode — solid 

5) 4 mm electrode - shell 

These configurations are shown in Table (1). The results of radiator electrode analysis were compared to the 
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Table 1. Electrode Configurations 





•Electrode Type 


Surface Area ( in 2 ) 


Volume ( in 3 ) 






8mm Radiator Electrode 
(41% More Surface 
Than Standard 8mm Electrode) 


.1285 (Solid) 
.1285 (Shell) 


• .00143 (Solid) 

.00051 (Shell) 
(.0039" Thick) 




8mm Electrode 

. (Same Mass as Radiator'Electrode) , 


:o9io 


.00143 . 




.0910 


.00199 


I 


Sinii^Electrode-^Solid — 

■ ^^pf . 

8mm Electrode - Shell 
(Wall Thickness - .0062 ") 


*. .0910 ' 


.00053 

r' 




taMMNi* •• • 

■ 

4mm Electrode - Solid 


' .0455 


. " * ' .00095 
** 


4mm - Shell ■ 
(Wall Thickness - .005/ 


. .0455 


• .00026 





3 



Model Description . 

The ablation model consisted of an dectrode,plasdc tip, tissue block, and blood field Figure (1) depicts this 
simplified model The material properties used in the model- are listed in Table (2). Due to the symmetry of the geometry, an 
axisymmetric model was used The following boundary conditions were used in the model: 

Dirichlet boundary conditions set at the surfaces: 

Outer surface - 0 volts 

Outer surface - 37° C 

Electrode surface - 5 volts to 75 volts 

Convective boundary condition set along electrode-blood interface, tip-blood interface, and tissue-blood interface: 

' H=.00j2toJ25 

The initial temperature of the model was set to 37°G 




Figure 1. Model 
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Model Description (continued) 

The following bio-heat equations were solved through the analysis. Equation (2) is the Laplace equation 
for voltage potential. This equation was solved to determine the potential field established by each electrode 
configuration. For each electrode-geometry, the potential field at a constantpower setting is depicted in Figure (2). 
The potential field results were used to solve the heat equation in which joule heating, conduction, and convection 
are considered. 

pcdT= kV 2 T+JE-h hl (T-T w ) , (1) 
dt 

crV 2 V=0 (2) 

J±<rE=-aVV (3) 

p (density -kg/m 3 ) 

c (specific heat- J/kgAK) 

k (thermal conductivity-W/mAK) 

J (current density- A/m 2 ) 

E (electric field density-V/m) 

h bi (connective heat transfer coefficient) 

T(°C) 

Tbi (temperature ofblood-37°C) 

Vfeotential distribution) 

a (electrical conductivity-S/m) 




Figure 2. Potential Fields for Varying Electrodes 



Protocol and Rationale for Analysis Runs 

Voltage values ranging between 25V and fcv have been observed in clinical settings. Therefore this 
range was explored. Values below 25 volts were explored to understand the minimum power requirements for 
lesion generation for the varying electrode geometries. For each electrode-geometry, twenty-four analysis runs 
were performed at the settings depicted in Table (3). Each run simulated an ablation of duration of 120 seconds. 

Table 3. Voltage and Flow Setting for Analysis Runs 




The following field results were obtained for each electrode-geometry at the above run conditions: 

Potential Field 

• Temperature Field 

• . Current Density Field r ~* 



Through analysis of the temperature fields at the end of a 60-second period, the following values were tabulated: 

Maximum Tissue Temperature 
Maximum Electrode Temperature 
Minimum Electrode Temperature 
Lesion Depth 

An evaluation of the time history of the joule heat dissipation (JE) allowed the calculation of power, current, and 
impedance values. The equations used for these calculations is shown below: 



Model Analysis Calculations 

t> JE 

Power = — ; : 

Time Interval 

V 1 

Impedance = — : 

Power 



8 



A transient analysis was run using a full Newton method. The time increments for each analysis were ; 
determined automatically. Hie step size for sixty-second ablation simulations ranged from .0012 to 2 seconds. 
The average mesh size for the runs was about 3 mm. Figure 3 shows an example mesh 



Results and Discussion ' 
Operation Parariietets 

The power, voltage, maximum electrode temperature, and minimum electrode temperature were determined for 
maximum tissue temperatures ranging between 55°C and 95°C. These values are shown in Table (4). This table was developed 
to understand the appropriate temperature ranges and power ranges for data comparison. Comparisons of the lesion formation 
and cooling effects for the various electrode geometries were evaluated within these ranges. Table (4a) and Table (4b) show the 
operating parameters at H values of .002 and . 1 25 repsectivery. 



Table (4). Operating Parameters for Various Electrode Configurations (H=. 004) 




Power(W) 


5.10 


8.00 


10.90 


13.86 


13.90 


Voltage (Y) 


21.40 


27.00 


31.60 


• 35.60 


3930 


Max Electrode Tempera tiire( *C ) 


50.15 


57.60 


65.20 


72-90 


80.65 


Min Electrode Temperature ( "C ) 


4830 


54.75 


61.20 


67.80 


74.55- 


Lesion Depth (mm) 


134 , 


2.54 


3.41 • 


• ■ 4.09-* 


4.61 




Power (W) 


530 


830 


-1135 


14.40 


14:40 ■ 


Voltage (V) 


21.60 


27.10 


31.70 


36.00 


39.45 


Max Electrode Temperature^ *C ) 


51.50 


59.75 


68.10 


. 76.60 


85.20-. 


Min Electrode Temperature ( *C ) 


47.6S 


53.75 


S9.90 


66.05 


72.40 


Lesion Depth 


138 


2^S 


3.42 


4.12. 


4.63 




Power (W) • 


9.65 


15.20 


1 ^0780 


26.45 . 


26.45 


Voltage (V) 


23.40 


29.20 


34.20 


38.60 


42.65 


Max Electrode Temperature( *CJ 


51.60 


60.00 


68.45 


73.40 


85.70 


Min Electrode Temperature ( *C ) 


4730 


.53.10 


59.10 


65.10 . 


.7130 


Lesion Depth 


1.46 


2.73 


331 


4.51 


5.01 




Power (W) 


9.80 


15.40 


21.00 


26.75 


2630 


Voltage (V) 


2330 


29.00 


•34.10 


38.60 


43.05 


Max Electrode Temperattire( *C ) 


52.10 


60.80 


69.60 • 


78.50 


87.50 


Min Electrode Temperature ( "C ) 


47.00 


52.65 


58.40 - 


6430 


70.20 


-Lesion Depth 


1.48 


2.73 


3.77 


4.48 


5.03 v 



in 



Table (4A). Operating Parameters for Various Electrode Configurations (H=.0O2) 




Power (\Y) 


7.15 


11.10 


15.25 " 


19.35 


* 23.45"* * 


Voltage (V) ' 


-—19.50 




-29.00 


•~ 32^0- • •• 


36:20 


Max Electrode Temperature/ "C ) 


55.60 


66.10 


76.70 


8730 


98.00 


Min Electrode Temperature ( *C ) 


51.70 


60.00 


68.40 


76.7S 


85-20 


Lesion Depth 


1.13 


2.47 


333 


3.94 


4.46 




Power (W). - 


7.10 


11.00 


15.20 


1935 


2330 


Voltage (V) 


1930 


2S.20 


29.00 


32.80 


36.20 


Max Electrode Temperature/ *C ) 


56.00 


66,70 


77.60 


88.50 


9930 


Min Electrode Temperature ( "C ) 


5U5 


5930 


67.40 


7530 • 


83.70 


Lesion Depth 


1.11 


2.44 


3.2* 


3.88 


4.43 




rower (W) 
Voltage (V) 


7-8SQ 
2630 


12.40 
33.40 


16.95 
39.10 


21.60 
4430 


2635 
. 48.85 


Max Electrode Temperatiire( *C ) ! 


38.05 


38.65 


- 39.25 1 


39.85 


40.48 


Mln Electrode Temperature ( "C ) 


37.45 


37.70 


37.97 


38.25 


38.50 


IRHTSHMMIIMil 


.40 


2.95 


4.12 


4.7 


535 


- : ; ■ .: 


Power (W) . 


7.95 


1230 


17.10 


21.75 


2635 


Voltage (V) 


2630 


3330 


39.10 


4430 


48.8S 


Max Electrode Temperatiire( 9 C ) 


3835 


39.45 


40.70 


4135 


4230 


Mln Electrode Temperature ( "C ) 


37.43 


37.65 


37.90 


38.15 


38.78 


Lesion Depth 


.4 


2.95 


4.12 


i 4.70 


534 


■ ■ ■■ _ J 


Power (W) 


1330 


20.95 


28.70 


36.60 


44.60 


Voltage (V) 


28.10 


35.20 


41.20 


4630 


. 5135. 


Max Electrode Temperature^ m C ) 


3830 


3936 


4030 


41.15 


42.05 


Mln Electrode Temperature ( 'C ) . 


37.20 


3730 


37.40 


3731 


37.62 


Lesion Depth 


.80. 


339 


433 


5.04 


5.66 - 






Power (iy) 


13.20 


20.70 


' 2830 


36^5 


44.20 


Voltage (V) 


27.60 . 


35.00 


40.70 


4630 


50.90 


Max Electrode Temperature^ °C ) 


3930 


40.95 


42.45 


43.96 . 


45.50 


Mln Electrode Temperature ( 'C ) 


37.10 


3735 


37.20 


37.25. 


3731 


Lesion Depth 


.75 


3.25 


- 4.28 " 


4.98 


5.60 



Powerm 






22.15 


30.40 


38.75 _ „ 


gUQ 


- VolfdgeJV) 


27.90 .. 


3530 


41.15 


463 


51.45 


Max Electrode Temperature( *C ; 


3830 


39.05 . 


39.83 


40.60 


41.40 


Min Electrode Temperature ( °C ) 


3738 


37.60 


37.83 


38.06 


3839 


Lesion Depth 


.83 • 


338 


4:42 


5.14 


5.73 






21.8 


29.90 


38.10 




Power (W) 
Voltage (V) . 


13.9 
27.8 


353 


41.0 


463 


51.20 


Max Electrode Temperature( 'C ) 


3832 


39.07 


3939 


40.68 


41.45 


Min Electrode Temperature ( *C ) 


3735 * 


3735 


37.75 


37.95 - 


38.15 


Lesion Depth ... - 


-i8l • 


335 


4.41- 


5.11 


- • 5.70 




Power (fV) „ . 


-14.10 - - 


.22.15 


30.40 


38.75 ■■ • 


• • 4730 " 


Voltage (V) 


27.90 


3530 


41.15 


46.60 


51.45 


Max Electrode Temperahire( *C ) 


3830 


39.05 


39.83 


40.60 


41.40 


Min Electrode Temperature ( 'C ) 


3738 


3737 


37.81 


38.04 


3837 




.83 


338 


4.40 


5.11 


5.74 



.032B03 



Results and Discussion (continued) • • 

Electrode Cooling Effect 

Figures (5), (6), and (7), are graphs of the minimum electrode temperature vs. power curves for 
each electrode-geometry. The convective heat transfer coefficients are H=.004, HK125, and H= 002 for 
Figures (5), (6) and (7) respectively. Hie radiator shell electrode design has a lower minimum electrode 
temperature over the power range for all convection-coefficient values. This is due to the combined effects 
of increased surface area and lower electrode mass. The rniriimum electrode temperature occurs in the 
portion of the electrode adjacent to the tissue. Therefore, the graphs show that with the radiator shell 
design, maximum cooling is.achieved over this area for a given power input The solid radiator design is 
second most effective in achieving cooling over mis area for a given power input The cooling of the 8mm 
electrode geometries is less effective over mis area due to the decreased surface area. The 8mm-electrode 
shell design was more effective than the larger mass 8mm electrode designs in the area adjacent to the 
tissue. The 4mm electrode designs were less effective in achieving cooling for a given power input The 
same pattern of behavior was observed for each convective heat transfer coefficient setting. 

Figures (8), (9), and (10), are graphs of the maximum electrode temperature vs. power curves for 
each electrode-geometry. The maximum electrode temperature for the various configurations was located 
at or near the junction where the tip and the electrode meet This hot spot is due to the abrupt change in 
material properties and interface geometry. The figure below shows the relative and approximate 
positioning of the maximum and minimum electrode temperature for a radiator electrode as an example. 
The temperature profiles fcr all configurations are shown in Figure (22). In Table (5), the effective cooling 
of each configuration is rated in regard to maximum electrode temperature. The Table shows that no 
consistent pattern is observed over the range of flow settings when evaluating the maximum electrode 
temperature. However, for convection-coefficient settings of H=.004 and H=.002, the solid radiator design 
performed better in re gards to junction area. This suggests that the heating in this area is effected by the 
mass of the radiator design. The cooling achievedby the increased surface area seems to compete with the 
spotheating that ocoraatthe tip junction. This data suggests that the most effective radiator design should, 
minimize this effect in order to achieve the greatest advantage. 



Location ot maximum electrode temperature 



electrode temperature 




Figure 4. Approximate Locations of Maximum and Minimum Temperatures 



Table5. Cooling Effectiveness per Evaluation of Maximum Electrode Temperature 



Effectiveness Rank 


ri—.UU/: 


Ji.UUQ 


il — 










7 (Mart effective) 


omm Radiator Solid 


omm Kaaiator ooua 


omm ooiia 

8mm TV/To tr* 




Rmm .QnliH 

OilUIl Olf-LiU 


8m m SnliH 




3 


8mm Matched 


8mm Radiator Shell 


8mm Shell 


£ 


8mm Radiator Shell 


8mm Shell 


8mm Radiator Solid 


5 


8mm Shell 


8mm Matched 


4mm Solid 




4mm Solid 


4mm Solid 


8mm Radiator Shell 


7 (Least effective) 


4mm Shell 


4mm Shell 


4mm Shell 
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Results and Discussion (continued) 
Lesion Development 

Fieuresdn (12) and (13), are graphs of lesion depths vs. minimum electrode temperature for each 
d ectrod/ge^ 

(11) (12) md (13) respectively. These graphs show ft^^ . ' 

givenmLnum elertrode temperature. Therefore, in the region adjacent to the tissue the ratotordesign deoMfe 
Sffl remain cooler than the 8mm and 4mm electrode configurations when creating the same depth lesion. Table 
(6) shows the radiator shell offers the best improvement to lesion depth for a given electrode temperature wuhin 
thfe region. At a convection-coefficient of H=.002, (he radiator shell design offers improvements of \2A > /. 
20.87%, and 33.9% to the solidradiator design, 8mm soliddesign, and 4mm solid design respectively. At higher 
flows (H=.0O4), the improvements increase to 41.9%, and 66.7% for the 8mm solid des.gn, and4mm solid design 
respectively. The improvements over the solid radiator do not change a lot ^ mc ^^. flo ^^ e at b fl °*. . 
radiator configurations have the same amount of surface area. Table (6) and F.gure^ also show, ^atlngh 
flows (H=.125), for a given electrode temperature within this region, the radiator configurations are able to create 
lesions when the other configurations have not begun to generate a lesion at all 

Figures (14), (15), and (16), are graphs of lesion depths vs. maximum electrodeten^ture for each 
electrode-gSnetry. The c^vecU heat Wer coefficients are H=.004,H=.125,^ 

(14), (15) and (16) respectively. These graphs show that the radiator solid designs will produce a deeper lesion for 
agivenm^ 

m! catheter tipmeetGunctionregion), the sohclradiator design dftrod^r^c^te^nd^sheU, 
8mm and 4mm electrode configurations when creating the same depth lesion. At higher flow rates <T*-.125) the 
solidradiator design does notofFer much benefit Table (7) shows uiatataconvectior^coeffiaen.tofH-.002 the 
SdradiatordesiSoffersimpre^^ 

design, and 4mm solid design respectively. At higher flows (EK004), the improvements are 11.1%, 6.5%, 104% 
for (he shell radiator design, 8mm sohd design, and 4mm solid design respectively. These .nmrovemente to lesion 

depths a re much lower than the improvements observed when evaluating lesion depths relative to minimum 

■ JLt^temn.rature.ma d^^ • 
• - the radiator shell at H=.l2S. For the radiator design, we Would expect convective flow rates to influence the 
improvement in lesion depth for a given maximum temperature, this does not seem to be fce case 
seems to be reflective of the competing contributions of convective cooling and junctional heating m fins region. 

Figures (17), (18), (19), are graphs of lesion depth vs. maximum tissue temperature. These graphs in 
combination with Table (4), Table (4a) and Table (4b) were used to establish the appropriate ranges for the above 
graphs. In addition, these graphs and tables were used to establish the temperature maximum and minimum 
electrode values used in the development of Tables (6) and (7). 
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Results and Discussion (continued) 
Electrode Temperature Histories 

Figure (20) is a graph of the minimum electrode temp erature during a 120-second 
ablation period for all the electrode-configurations. The maximum tissue, temperature during the 
ablationforeachconfigura1ionis65 0 C. The graph shows that the shell radiator dectrode 
maintains the lowest minimum electrode temperature oyer the ablation period. Therefore, me 
electrode region adjacent to the electrode-tissue interface remains the coolest oyer the ablation 
period for the shell radiator electrode. Within this region, the solid radiator design remains the 
second coolest The 8mm electrode designs have higher minimum electrode temperatures than 
the radiator designs. The 4mm electrodes have the highest minimum electrode temperatures of 
all the configurations during the first eighty seconds of the cycle. At about eighty seconds the 
minimum temperatures of the 8mm solid design and 4 mm shell designhave sirndar values 
After the first ten seconds of the ablation period, the minimum electrode temperature for all 
configurations remained somewhat stable. 

Figure (21) is a graph of the maximum electrode temperature duringa 120-second 
ablationperiodforalltheelectrode-configurations. Asm Figure (21), the naximum tissue 
temperature during the ablation for each configuration is 65°C. The graph shows that fee solid 
radiator electrode maintains the lowest maximum electrode temperature during me first sixty 
seconds of the ablation cycle. Therefore, the junction region remains the : coolest during the first 
- sixty seconds for the solid radiator electrode. However, the 4mm electrode is slightly cooler 
during Ihe second half of the ablation cycle. The rate of maximum electrode temperatare 
increase is slightly higher for the 8mm electrode configurations than for the increase for ftie 
4mm electrode configurations. These differing rates of tem perature.increase account for th e 

changes seen over me ablation cycle . The solid versio n s of each configuration frh&x&n^ - " 

""4mm)haveaconsistently lower ma^umelechodetemperatoeoyerfh^ 

again implies that in the junction region the presence of more mass helps counter the heating due 
to material mismatches and interface geometry. 
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Results and Discussion (continued) 
Field Results 

Figures (22), (23) and (24) depict the temperature fields, potential fields, and the 
potential gradient fields respectively for each electrode configuration. All fields are show at a 
maximum tissue temperature of 65°C. As previously mentioned, the temperature fields show 
the minimum electrode temperature regions adjacent to the tissue-electrode interface. The 
regions with the maximum electrode temperatures are located at the junction of the electrode 
and the catheter tip material. The potential fields for the 8mm electrode configurations are of 
similar size. This indicates that the area of current flow and the heating volume will be similar 
for the 8mm configurations (radiator as well as standard). This accounts for the similar 
impedance values found in Table (4). This also accounts for the fact that at equal power settings 
the 8mm configurations create lesions of equivalent depths as shown in Figure (25). The 4mm 
potential fields are much smaller than the 8mm potential fields. Therefore the area of current 
flow and the heating volume are much smaller when compared to the 8mm electrode 
configurations. This accounts for the higher impedance values shown in Table (4). At equal 
power settings the 4mm electrode will create deeper lesions when compared to the 8mm 
electrode configurations. However, as shown in Table (4), for a 4mm electrode, the operating 
range is 5Wto 14W (H=.004) whereas for the 8mm configurations, the operating range lsl OW 
to 28W (H=.004). The operating range is defined as the voltage range and power range required 
to create maximum tissue temperatures ranging between 55°C and 95°C during an ablation cycle 
(60 seconds). The maximum lesion depthranges between 4.61 to4.63 for 4mm configurations 
at H=.004 in the previously mentioned power range. The maximum lesion depth ranges between 
5.01 to 5.24 for 8mm configurations at H=.004 in the previously mentioned power range. 

Therefore even though foe 4mm configurations create deeper lesion s for a given power setting, . 

~ thp. ftmm ^fi gurations create deeper lesions for comparable operating ranges defiiied-with _ _™ 
respert to maxfoium tissue temperature. As indicated in equation (3) the current density is 
proportional to foe gradient of potential field. Thus, Figure (24), shows areas of high current 
density occurring at the electrode tissue interface junction and at foe electrode-tip junction. 

Conclusion 

The minimum electrode temperature evaluations are more reflective of the cooling 
effects of the radiator design. The minimum electrode temperature evaluations show foat the 
radiator design can provide a deeper lesion for a given minimum electrode temperature. This 
improvement in lesion depth for a given minimum temperature is enhanced at higher flow rates. 
CUnically, this would be very beneficial, given foat currently it is more difficult to make deep 
lesions in high flow areas. However, spot heating at foe electrode-tip junction compromises foe 
effectiveness of foe design. I would recommend foat this matter be resolved in any proposed 
design. 

Further Analysis Work 

This analysis work assumes a convective heat boundary condition. With foe current 
tools we are notable to evaluate foe details of foe fluid field and its effects. The ability to 
perform such analysis will help us to better define potential coagulation hazards. 
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